Sickle cell disease (SCD) is an autosomal recessive genetic disease caused by the Glu6Val mutation in the β chain (Hb) of the oxygen-carrying hemoglobin protein in sicklemia patients. In the molecular pathogenesis of SCD, the sickle hemoglobin (Hb-S) polymerization is a major driver for structural deformation of red blood cells, i.e. red blood cell (RBC) sickling. Biophysically, it still remains elusive how this SCD-linked E6V mutation leads to Hb-S polymerization in RBC sickling. Therefore, with a comprehensive set of analysis of experimental Hb structures, this letter highlights electrostatic repulsion as a key biophysical mechanism of Hb-S polymerization in RBC sickling, which provides atomic-level insights into the functional impact of the SCD-linked E6V substitution from a biophysical point of view. SIGNIFICANCE During the past 25 years, a total of 104 Hb-related structures have been deposited in PDB. For the first time, this article presents a comprehensive set of electrostatic analysis of the 104 experimental structures, highlighting electrostatic repulsion as a fundamental biophysical mechanism for Hb-S polymerization in RBC sickling. The structural and electrostatic analysis here also provides biophysical insights into the functional impact of the SCD-linked E6V substitution.
INTRODUCTION
Sickle cell disease (sicklemia, SCD) is a severe hereditary form of anemia that results from a single genetic mutation at the sixth codon of the β-globin gene (1) (2) (3) (4) . The homozygous missense genetic mutation leads to a Glu6Val (E6V) substitution in the amino acid sequence of β globin (Hb), resulting in the sickle hemoglobin (Hb-S, α 2 β S 2 ), while the oxygen-carrying hemoglobin protein is normally a tetramer in the form of α 2 β 2 (5) (6) (7) (8) (9) .
Among human genetic diseases, SCD is a rather rare case where a single mutation exhibits a wide range of effects at various levels,including molecular and cellular, both positive and negative (1, 2, 10, 11) . However, from a structural and biophysical point of view, it still remains elusive how this sicklemia-linked E6V mutation leads to Hb-S polymerization in RBC sickling. The central aim of this article is to address this question with a comprehensive set of structural electrostatic analysis of all Hb-related structures in the Protein Data Bank (PDB) (12) .
MATERIALS AND METHODS

Experimentally determined β-globin structures in PDB
To retrieve all experimentally determined β-globin structures as of June 18, 2019, a structure search was conducted into PDB (12) using three parameters: 1), Text Search = β-globin; 2), TAXONOMY = Homo sapiens; 3), Molecule = hemoglobin subunit β. As of June 18, 2019, there are 104 Hb-related structures in PDB. Among them, 97 were determined by X-ray crystallography, 2 by neutron diffraction (PDB IDs: 2DXM and 3KMF), 2 by solution NMR spectroscopy (PDB IDs: 2M6Z and 2H35), and 3 by Cryo-electron microscopy (Cryo-EM, PDB IDs: 5NI1, 6NBD and 6NBC). In total, the depositions of the 104 structures cover a time period of ∼25 years, starting from October, 1993, ending in June, 2019 . The 104 PDB IDs are 1A00, 1A01, 1A0U, 1A0Z,  1DXT, 1DXU, 1DXV, 1HDB, 1RQA, 1Y0T, 1Y0W, 2D5Z, 2D60, 2DN1, 2DN2, 2DN3, 2DXM, 2H35, 2HHB, 2HHE, 2M6Z,  2W6V, 2W72, 2YRS, 3B75, 3D17, 3D7O, 3DUT, 3HHB, 3HXN, 3IC0, 3IC2, 3KMF, 3NL7, 3NMM, 3ODQ, 3ONZ, 3OO4,  3OO5, 3P5Q, 3QJB, 3QJC, 3QJD, 3QJE, 3R5I, 3S65, 3S66, 3SZK, 3W4U, 3WCP, 3WHM, 4FC3, 4HHB, 4IJ2, 4L7Y, 4M4A,  4M4B, 4MQC, 4MQG, 4MQH, 4MQI, 4N7N, 4N7O, 4N7P, 4N8T, 4NI0, 4NI1, 4ROL, 4ROM, 4WJG, 4X0L, 4XS0, 5E29,  5E6E, 5E83, 5EE4, 5HU6, 5HY8, 5JDO, 5KDQ, 5KSI, 5KSJ, 5NI1, 5SW7, 5U3I, 5UCU, 5UFJ, 5URC, 5VMM, 5WOG,  5WOH , 5X2R, 5X2S, 5X2T, 5X2U, 6BB5, 6BNR, 6BWP, 6BWU, 6DI4, 6FQF, 6HAL, 6NBC, 6NBD.
Structural analysis of the β-globin structures
While close-range hydrophobic interactions play an important part in biomolecular structure and function (13) , intramolecular or intermolecular electrostatic interactions, such as salt bridge, hydrogen bond, and charge-dipole interaction, stabilize or de-stabilize biomolecules, too (14, 15) . Here, the primary impact of the sicklemia-linked E6V mutation is an electrostatic one, i.e., the removal of Glu6's negatively charged side chain, while a valine (with hydrophobic side chain) is installed at amino acid residue position 6 of Hb (1, 3, 4) . After the retrieval of the 104 Hb structures from PDB, a set of structural electrostatic analysis was carried out as described in (16) , including analysis of salt bridging (side chain alone) and hydrogen bonding (both main chain and side chain) networks. In particular, the two NMR ensembles (PDB IDs: 2M6Z and 2H35) were splitted into 40 standalone structures (16) , since each NMR ensemble consists of 20 structural models. As a result, a total of 142 β-globin structural models were retrieved and extracted from PDB, as of June 18, 2019.
RESULTS
Structural and electrostatic analysis of Glu6 of Hb
For the 142 Hb structural models, a total of 12176 salt bridges were structurally identified with a cut-off distance at 4 Å(16). Specifically, only 4 side chain salt bridges (Tables 1 and 2 of Supporting Material supps.pdf) were structurally identified for Glu6 of Hb in the 142 models, which is considered statistically insignificant due to a ratio of only 2.82% (4/142) here. Furthermore, while Glu6 of Hb does form hydrogen bonds with other residues, no side chain hydrogen bond was identified for it (Tables 3-7 of Supporting Material supps.pdf). Taken together, the structural electrostatic analysis here does not align with the experimental observation that the SCD-linked E6V mutation, whose primary impact is the removal of Glu6's negatively charged side chain, is inextricably linked to the molecular pathogenesis of SCD (1) (2) (3) (4) . This misalignment suggests that the net impact of the E6V substitution is probably an indirect one, i.e., the loss of Glu6's side chain leads to indirect local electrostatic equilibrium perturbation, which is of functional significance for the overall structural stability of Hb, because Glu6 itself does not seem to be engaged in any significant electrostatic interaction with Hb's interacting partners, according to the experimental structural investigations during the past 25 years.
Structural and electrostatic analysis of Glu7 of Hb
To address this misalignment, the amino acid sequence and the three-dimensional structure of Hb (with or without its partners) were analyzed with a careful inspection, in addition to an automated residue pair-specific ranking of the numbers of all 12176 salt bridges, after which Glu7 of Hb stood out because, 1. Both sequence-wise and structurally, Glu7 of Hb is the closest neighbour of Glu6 of Hb.
2. Glu7 and Glu6 are of the same residue type, both carry side chains with negative electric charge.
3. In the residue pair-specific ranking, one particular residue pair stood out, i.e., Glu7 and Lys132 of Hb, where 936 side chain salt bridges were identified for the 142 Hb structural models, ranking it the second largest, according to Table 2 of Supporting Material supps.pdf.
4.
Glu7 did not form any other salt bridge, according to Table 2 of Supporting Material supps.pdf.
In addition to the 936 Lys132-Glu7 salt bridges, Lys132 only forms 7 side chain salt bridges with Asp136, which is considered statistically insignificant due to a ratio of only 4.92% (7/142), too. To this end, the salt bridge analysis here established an axis of the amino acid residue triplet, i.e., Glu6-Glu7-Lys132, for which the result of the hydrogen bonding analysis is statistically insignificant and consequently irrelevant here, according to Table 7 in Supporting Material supps.pdf.
Structural electrostatic insights into the Glu6-Glu7-Lys132 axis
Structural stability-wise, of particular interest is the Glu7-Lys132 salt bridges ( Table 1, Fig 1) , which constitutes an electrostatic clip (16) that holds the two α helix fragments (cyan and green, Figs 1) together, and plays a positive role in the overall structural stability of Hb, either apo or bound to its interacting partners. From Table 1 and Fig 1, it can be seen clearly that Glu7 and Lys132 of Hb formed four intra-chain structurally stabilizing salt bridges (i.e., four strong electrostatic clips (16)), including chains B and D (PDB ID: 2M6Z), to keep the tetramer (α 2 β 2 ) (5-9) hemoglobin from falling apart in human blood. 2M6Z-2 B_LYS_132  NZ  B_GLU_7  OE1  2.898  2M6Z-2 B_LYS_132  NZ  B_GLU_7  OE2  3.967  2M6Z-2 D_LYS_132  NZ  D_GLU_7  OE1  2.891  2M6Z-2 D_LYS_132  NZ  D_GLU_7  OE2  3.959  Table 1 : The salt bridges formed between Glu7 and Lys132 in the second structural model (PDB ID: 2M6Z). Table 1 ).
PDB Residue A Atom A Residue B Atom B Inter-atomic distance (Å)
Geometric and biophysical insights into the Glu6-Glu7-Lys132 axis
To characterize the structural and functional consequence(s) of the SCD-linked E6V substitution, the three-dimensional geometric configurations of the Glu6-Glu7-Lys132 axis are projected into a two-dimensional plane according to the experimentally measured atomic coordinates, as shown below in Fig 2 and Table 2 . Table 2 : The spatial distances between the three types of atoms of the Glu6-Glu7-Lys132 axis (Fig 2) . In this table, the details of the three colors (Blue, Red and Green) are provided in the caption of Fig 2 With a visual inspection of Fig 2, it is quite clear that the negatively charged side chain of Glu6 forms an electric shield (the green solid circles in Fig 2) for the intra-chain side chain salt bridge between Glu7 and Lys132, which plays a crucial role in the overall structural stability of the tetramer (α 2 β 2 ) (5-9) hemoglobin.
Atom A Atom B Mean (Å) Std (Å) Max (Å) Min (Å)
1. In case any positively charged particle (atoms for instance) in the blood approaches the Lys132-Glu7 salt bridge, the existence of negatively charged side chain of Glu6 (the green solid circles in Fig 2) constitute an electrostatic attractive force for the positively charged particle, as it is energetically favourable for the positively charged particle to approach Glu6, instead of the salt-bridged Glu7, because the negatively charged side chain of Glu6 is mostly exposed to the solvent, according to Tables 1 and 2 Table 2 .
bridge, because a positively charged particle will decrease the strength of the Lys132-Glu7 salt bridge via competitive electrostatic interaction with Glu7's side chain, if it does not break the α 2 β 2 -stabilizing Lys132-Glu7 salt bridge.
2. In case any negatively charged particle in the blood approaches the Lys132-Glu7 salt bridge, the existence of negatively charged side chain of Glu6 (the green solid circles in Fig 2) constitute an electrostatic repulsive force against the approaching negatively charged particle. Thus, Glu6's negatively charged side chains act as a electric shield (via electrostatic repulsion) towards the structural stability of the α 2 β 2 -stabilizing Lys132-Glu7 salt bridge.
WHY IS THE ELECTROSTATIC REPULSION MECHANISM SO IMPORTANT HERE?
In addition to the E6V mutant β-globin (Hb-S), a different form of sickle hemoglobin (Hb-S, Lys132Asn, K132N) was also reported in 2004 in (17) , where the Lys132-Glu7 salt bridge is disrupted as Asn132 does not carry a charged side chain, and Asn132 is replaced by Lys132, which carries a positively charged side chain. Structurally, the net effect of this Asn-Lys substitution is the removal of the α 2 β 2 -stabilizing Lys132-Glu7 salt bridge, highlighting the perturbation of local electrostatic equilibrium by SCD-linked mutations such as K132N and E6V, too. Previous molecular dynamics simulation studies also suggest that Hb-S polymerization is favoured by inter-facial electrostatic interactions (18) , and is inhibited when subjected to hypoxic (low pH environment) conditions, where the side chain of Glu6 gets neutralized and the electrostatic repulsion mechanism disappears. This molecular dynamics simulation study provides a direct support that the electrostatic repulsion mechanism, previously described in (16, 19, 20) , is a key biophysical basis for Hb-S polymerization in RBC sickling, too.
To further test this electrostatic repulsion mechanism, the 142 Hb structural models were imported into the PROPKA software package (21) . Afterwards, the protonation states/proton occupancies (θ) of all Glu6 side chains were calculated with the pKa values (3.897 ± 0.645) as an input for the rearranged classic Henderson-Hasselbalch equation (22) . Given the physiological pH (7.4) of human blood, only 0.009 ± 0.062 % of the Glu6 residues remain protonated, i.e., neutral, and 0.991 ± 0.062 of the Glu6 residues remain deprotonated, i.e., negatively charged. The protonation states of Glu6 residues allow them to form negatively charged electric shields to ensure the stability of the Glu7-Lys132 salt bridge against the approach of negatively charged particles in human blood. In particular, the two β chains carry two Glu6 residues (chains B and D) with negatively charged solvent-exposed side chains, too. If it is not for the existence of the Glu6 as an electric shield (Fig 2  and Table 2 ), it will be energetically more favorable for Hb-S to polymerize because the electrostatic repulsion mechanism disappears due to the SCD-linked E6V substitution, and thus making it easier for the two β chains fuse into larger biomolecular complexes/particles/chemical groups (20) . Taken together, it is due to the protonation state of the Glu6 side chain at physiological pH that the SCD-linked E6V substitution abolishes the electrostatic repulsion mechanism as a valine does not carry a charged side chain, making it easier for Hb-S (E6V) molecules to approach each other and fuse (20) with each other and polymerize to cause RBC sickling (23, 24) .
Moreover, the pKa values of all Glu7 side chains were also calculated with the PROPKA software package (21) to be 3.897 ± 0.645. Given a physiological pH (7.4) of human blood, 0.001 ± 0.002 % of the Glu7 residues remain protonated, i.e., neutral, and 0.999 ± 0.002 of the Glu7 residues remain deprotonated, i.e., negatively charged, such that its side chain is able to form a structurally stable and α 2 β 2 -stabilizing salt bridge with the side chain of Lys132 (Fig 1) . Furthermore, it is also due to the existence of a rather stable Lys132-Glu7 salt bridge (Fig 1) that the pKa of Glu7 is clearly lower that its intrinsic value (4.2), while the pKa of Glu6 is closer to 4.2 due to the absence of a rather stable salt bridge or hydrogen bond, which supports the overall performance of the pKa calculation of the PROPKA software package (21) here.
